Abstract -This paper presents a statistical approach to analyze electrical tree inception voltage, electrical tree breakdown voltage and tree breakdown time of unsaturated polyester resin subjected to AC voltage. The aim of this work was to show that Weibull and lognormal distribution may not be the most suitable distributions for analysis of electrical treeing data. In this paper, an investigation of statistical distributions of electrical tree inception voltage, electrical tree breakdown voltage and breakdown time data was performed on 108 leaf-like specimen samples. Revelations from the test results showed that Johnson SB distribution is the best fit for electrical tree inception voltage and tree breakdown time data while electrical tree breakdown voltage data is best suited with Wakeby distribution. The fitting step was performed by means of Anderson-Darling (AD) Goodness-of-fit test (GOF). Based on the fitting results of tree inception voltage, tree breakdown time and tree breakdown voltage data, Johnson SB and Wakeby exhibit the lowest error value respectively compared to Weibull and lognormal.
Introduction
Numerous papers have been published investigating various electrical treeing parameters in polymeric insulating material [1] [2] [3] [4] [5] . Such parameters include tree inception voltage, tree breakdown voltage, tree length, tree inception time, tree breakdown time, fractal dimension and number of branches. Weibull [6] [7] [8] [9] [10] and lognormal [1, 11, 12] distributions are widely used models for statistical analysis of electrical tree parameters. However, not all the treeing parameters data could be treated adequately by Weibull and lognormal and it depends on the empirical data. The wrong treatment could lead to wrong analysis of results. A correct selection of statistical models for the collected experimental data is a key factor in electrical tree studies. Treating the data by comparing the mean and standard deviation is very straightforward and this simple way is insufficient and can lead to erroneous results [12] . The treeing data should be analyzed imperatively in order to know the type of statistical distribution which represents the electrical tree data.
In this paper, selection of statistical models which fitted with the collected tree data was performed. Anderson Darling (AD) Goodness-of-fit (GOF) test was chosen as a technique to determine the best distribution that represents the original data.
From the AD GOF test, comparisons were done between the best fitted distribution and Weibull and also lognormal distribution for the purpose of proving that Weibull and lognormal are not the best distributions to represent the original data but an imperative statistical technique should be performed. With this technique and knowledge, the accuracy of statistical inferences could be improved.
Experiment
The test samples were prepared in the form of leaf-like specimen with point-to-plane electrode [13] [14] . The significance of using leaf-like specimen is the usage of small amount of insulating material. The material used for the point electrode was Sigma-Aldrich's tungsten wire with 0.25 mm in diameter. A needle with sharp tip was formed from the tungsten wire by electrolytic polishing process with the aid of sodium hydroxide (NaOH) solution. The tungsten wire was briefly deepened into the sodium hydroxide solution with 30 V and 30 A DC supply connected to the tungsten wire.
The schematic diagram for needle tip formation is shown in Fig. 1 . All needle tips were examined under microscope in order to ensure their needle tip radius and needle tip angle are 5 µm and 30°C respectively for uniformity. One side of the needle tip was wrapped with aluminum foil. The gap distance between the needle tip and the plane electrode was adjusted to 2±0.1 mm.
BIP2700AT, unsaturated polyester resin was employed in this work. It consists of two parts which are resin and hardener. The mixing ratio between resin and hardener is 50:1. After mixing the resin and hardener, the mixture was degassed using a vacuum set for 15 minutes to remove bubbles. After ensuring no bubbles remained in the mixture, the polymer was casted onto the electrode gap to cover the whole gap between both electrodes and covered by a thin glass. The completed sample was cured at room temperature for 24 hours. In this work, 50 leaf-like specimen samples were prepared for treeing inception voltage and breakdown voltage tests while 58 samples were prepared for treeing breakdown time tests. The schematic drawing configuration of leaf-like specimen sample is shown in Fig. 2 .
An online monitoring system has been established which consists of an Olympus SZX16 research stereomicroscope, a personal computer, and an Olympus Xcam-α chargecoupled device (CCD) camera. This research stereomicroscope has magnification of up to 115x. This magnification ability is enough to observe the initiation and propagation of electrical tree optically via computer monitor. The online monitoring system is shown in Fig. 3 . There are two types of test methodologies for tree inception and growth which are short term test and long term test. For short term test, linearly increasing sinusoidal voltage was applied. In this condition, it is possible to measure the tree inception voltage and tree breakdown voltage [15, 16] . The long term test is performed with constant AC value sinusoidal voltage. Under this condition, measurement of the tree inception time and tree breakdown time are possible [15] .
In this work, the short term test method was chosen by applying 0.5 kV/s AC ramp voltage. The applied voltage was increased linearly at the rate of 0.5 kV/s until breakdown occurred. The tree inception voltage was measured at the instance of treeing inception while the breakdown voltage was measured when breakdown occurred. This short term tests were performed on all the 50 samples.
On the other hand, the treeing breakdown time of unsaturated polyester resin insulating material was studied under constant voltage as well. The 0.5 kV/s AC ramp voltage was applied to each of the 58 samples until trees initiated. After the tree initiation, the voltage was kept constant to study the growth of electrical tree until the trees have bridged the electrode gaps and breakdown occurred. The tree breakdown time of all 58 samples were measured and recorded.
Results and Discussion
Precise interpretation of an obtained data set in electrical tree studies should be studied thoroughly, thus there is a need of employing statistical analysis for this purpose. An essential part of the statistical analysis is the application of different distributions of the experimental data providing a broad background for unbiased estimates as well as improved estimates of the mean and variance [17] . Furthermore, the analysis also depends on the number of samples. Small sample size might lead to a masking of the significant levels and to a bias in outcomes. Thus, in this work, 50 samples were chosen for short term test and another 58 samples were tested under constant voltage. The obtained experimental results of tree inception voltage, tree breakdown voltage and tree breakdown time were analyzed statistically using commercial fitting software called Easy-fit software (version 5.5, MathWave Technologies). Distribution fitting was used to specify the most appropriate distributions and as estimators of variation [18] . The Anderson-Darling (AD) Goodness of Fit (GOF) test was used to determine whether the data set comes from a specified distribution. This test typically summarizes the discrepancy between the observed values and the values expected under the model in question. It makes use of the cumulative distribution function where the AndersonDarling (AD) statistic is given by the following formula:
Where n is the sample size, F(X) is the cumulative distribution function for the specified distribution and i is the i th sample when the data is sorted in ascending order. Hence, the data is said to fit the distribution well if the value of the Anderson-Darling statistic is small. This AD statistic is referred as the error in this study. A rank selection of distribution was performed based on the AD GOF results. Comparative studies were performed between the best-fit distribution, Weibull and lognormal distribution. The experimental result is shown in Table 1 and Table 2 .
The experimental data presented in Table 1 and Table 2 were used in determining the best fit statistical distribution which adequately describes the distribution of electrical tree inception voltage, tree breakdown voltage and tree breakdown time. Based on AD GOF test calculated by fitting software, the tree inception voltage and tree breakdown time distributions were best described by Johnson SB distribution whereas Wakeby distribution was the best fit for the tree breakdown voltage distribution. For tree inception voltage and tree breakdown time distributions, Johnson SBs were found to be more flexible and random variables bound by extremes. Thus, the null hypothesis of the sample drawn from Johnson SB distribution was not rejected but accepted. This result support that the hypothesis should be accepted; hence the Johnson SB function can adequately describe the tree inception voltage and tree breakdown time data whereas Wakeby function fit well with tree breakdown voltage data. The Johnson's SB shape, scale and location parameters were estimated based on Maximum Likelihood Estimation (MLE). Cumulative distribution function (CDF) of Johnson SB distribution is shown as follows [19] :
Where Ф is the CDF of the standard normal random variable, δ and γ are shape parameters, ξ is a location parameter, λ is a scale parameter and z, is referring to following transformation: 
In the literature, Weibull and lognormal distributions were applied to the estimation of breakdown-time, breakdown-voltage, water and electrical tree length in solid insulating materials [5] [6] [7] [8] [20] [21] [22] . The CDF of 2-parameter Weibull distribution is shown in Eq. (3).
Where, α is shape parameter and β is scale parameter. Furthermore, the CDF for 2-parameter lognormal distribution is expressed as follows:
Where µ is scale parameter, σ is shape parameter and φ is Laplace integral which is expressed as:
The Wakeby distribution is mostly defined as an inverse distribution function which is with quantile estimation equation. The equation is shown as follows [23] :
Where F is the uniform (0, 1) variate, ξ and α are location parameters and also β, γ, and δ are shape parameters. Based on MLE, the Johnson's SB shape, scale and location were calculated as follows:
Shape parameter, γ= 0.2014 Shape parameter, δ= 1.1936 Location parameter, ζ= 15.024 Scale parameter, λ = 10. 236
Meanwhile for Weibull distribution, the shape parameter, α and scale parameter, β were 7.3622 and 18.186 respectively. The shape parameter, σ and scale parameter, µ for lognormal distribution were 0.15918 and 2.8324 respectively. The ranked table based on AD GOF test is shown in Table 3 .
It can be seen from Table 3 that Johnson SB exhibited the lowest fitting error and is ranked at first place compared with lognormal and Weibull which ranked 27 th and 36 th places respectively. It can therefore be pointed out that lognormal and Weibull are not the best fit for the original data. The error for Johnson SB distribution was 0.18197 whereas lognormal exhibited fitting error of 0.35164 and Weibull with higher error of 0.47595. The histogram of tree inception voltage of polyester resin is shown in Fig. 4 and comparison was performed for lognormal and Weibull distributions. 416  45  21  30  46  19  18  47  25  5  48  15  17  49  20  5  50  18  5  51  20  6  52  18  43  53  17  10  54  23  13  55  24  5  56  17  19  57  20  8  58  21  5 For the tree breakdown voltage data, the fitting done showed that Wakebys' location parameters α, and ζ, shape parameters, β, γ, and δ were 263.2, 45.156, 6.9921, -0.5342, and 13.87 respectively. By using MLE, the values of Weibull's shape parameter, α and scale parameter, β were estimated and equaled to 8.4604 and 25.367 respectively. Whereas, lognormal's shape parameter, σ and scale parameter, µ were equaled to 0.1379 and 3.174 respectively. Based on Table 4 , it can be seen that the Wakeby distribution was first ranked according to AD GOF test fitting error. The Weibull and lognormal distribution were ranked at 41st and 7th places respectively. This proves that Wakeby function better describes the tree breakdown voltage compared to Weibull and lognormal. The histogram of experimental data of tree breakdown voltage for polyester resin is shown in Fig. 5 .
Further analysis was performed for tree breakdown time data. Data of 58 samples of polyester resin were analyzed statistically. The results have shown that Johnson SB was the best that fitted well with the experimental data of tree breakdown time. This was referred to the calculated error. The Johnson SB's scale parameter, λ, shape parameter, δ st respectively. The smallest error value exhibited by Johnson SB has proved that the most appropriate or the best distribution that fit to the tree breakdown time data is Johnson SB distribution. The histogram of time to breakdown data with fitted curves of Johnson SB, Weibull and lognormal was plotted in Fig. 6 .
Koa [24] has mentioned that, the voltage required to initiate the formation of electrical tree, called the tree inception voltage, is commonly measured as mean 50% inception voltage, V t . By referring to the Johnson SB distribution, the probability of 0.5 is calculated by taking inverse CDF of the distribution. Thus, the value of inverse CDF, at F(x) = 0.5 is estimated as tree inception voltage. The similar estimation is applied to estimate the breakdown voltage of polyester resin. Therefore, the estimated values of tree inception voltage, tree breakdown voltage and tree breakdown time of polyester resin are 17.12 kV, 23.75 kV and 32 seconds respectively. The summaries of estimated parameters for Johnson SB, Wakeby, Weibull and Lognormal are tabulated in Table 6,  Table 7 and Table 8 . Based on the ranking, it obviously shows that Weibull and lognormal are not suitable to represent the tree inception voltage, tree breakdown voltage and tree breakdown time.
Therefore, an imperative statistical analysis based on fitting approaches should be performed in order to obtain the most accurate distribution that can describe the original data adequately. The wrong selection of statistical distribution that best fit to the data would lead to wrong description and analysis of the empirical data. Therefore, in the context of this study, it can be pointed out that Johnson SB function and Wakeby function could be useful in the analysis of electrical tree inception voltage, tree breakdown time and tree breakdown voltage data respectively. However, a better statistical way should be adopted in order to select a best-fit distribution that represents the original data. With the aid of AD GOF test, the best-fit distributions were obtained. The failure of insulating material could bring severe effect to the reliability of energy distribution and hence could give many losses. Therefore, every single failure data should be analyzed correctly in order to estimate the failure probability and estimated breakdown parameter values that occurred due to electrical treeing. It is suggested, correct ways of statistical analysis could give a better solution to the reliability of electrical insulation system.
Conclusion
This paper has demonstrated some useful methods for 
